1. Introduction {#sec1-molecules-24-01667}
===============

An eco-friendly material, waterborne polyurethane (WPU), has now been gradually replacing the traditional solvent polyurethane due to its use of safe, non-toxic, non-combustible water as dispersant \[[@B1-molecules-24-01667],[@B2-molecules-24-01667]\]. Refitting from the inherent properties of polyurethane materials, WPU can be flexibly designed to meet the requirements of different industries by changing its molecular weight, chemical composition, and molar ratio of soft and hard segments. As one of the most studied materials, WPU has been widely utilized in various manufacturing industries to produce coatings \[[@B3-molecules-24-01667],[@B4-molecules-24-01667]\], foams \[[@B5-molecules-24-01667],[@B6-molecules-24-01667],[@B7-molecules-24-01667]\], adhesives \[[@B8-molecules-24-01667],[@B9-molecules-24-01667],[@B10-molecules-24-01667]\], and elastomers \[[@B11-molecules-24-01667]\], etc. However, most of the WPU materials are one-component linear thermoplastic polymers with hydrophilic ionic groups in the backbone of WPU. Furthermore, the crosslinking density of WPU has to be kept low in order to obtain good dispersion stability in the water phase, which greatly lowered the adhesive properties, water resistance, and thermal stability of WPU, causing it to be less competitive in the practical application in contrast to the conventional organic solvent-based polyurethane \[[@B12-molecules-24-01667]\].

Siloxane is an important additive to modify WPU, since its inorganic Si--O bond in silane results in low surface energy, good thermal stability, and excellent flexibility, which made it the perfect candidate for WPU modification \[[@B13-molecules-24-01667],[@B14-molecules-24-01667]\]. Moreover, the alkoxy groups in silane at the end of the molecular chains can be hydrolyzed to form silanol groups, which enables condensation reactions to occur between these silanol groups to form Si--O--Si crosslinks \[[@B15-molecules-24-01667],[@B16-molecules-24-01667]\]. In addition, during WPU curing, non-polar silicon chains tend to migrate and accumulate on the surface of WPU emulsions \[[@B17-molecules-24-01667]\], resulting in the low surface tension of WPU film. Furthermore, siloxane-modified WPU has better heat resistance and low temperature elasticity than pure WPU \[[@B18-molecules-24-01667],[@B19-molecules-24-01667]\]. Silane has already been successfully incorporated into polyurethanes by several independent research groups via amino groups \[[@B20-molecules-24-01667]\] and hydroxyl groups \[[@B21-molecules-24-01667],[@B22-molecules-24-01667]\].

In most methods reported for improving the properties of WPU siloxane when introduced at its two chain ends, the entrained Si--O--R provides the modified polyurethane with a potential of being crosslinked, which may improve its water resistance, surface hydrophilicity, and mechanical properties \[[@B23-molecules-24-01667]\]. However, siloxane can be only located at the two ends of WPU, which would not only limit the content of siloxane, but also make the number of crosslinks small. The properties of the polyurethane may be improved, but only to a limited extent.

In order to increase the content and distribution of siloxane on WPU, we synthesized a series of WPU modified by chain extender 3-(2-aminoethylamino)propyldimethoxymethylsilane (APTS), which contain two amines, two methoxysilanes, and one methyl group. Siloxane is introduced into the WPU side chain by connecting the molecules of the two amino groups with the PU prepolymer, making it evenly distributed on the PU side chain, not just only at both ends of the PU chain. Even a small amount of APTS would increase the content and distribution of siloxane on the WPU.

2. Materials and Methods {#sec2-molecules-24-01667}
========================

2.1. Materials {#sec2dot1-molecules-24-01667}
--------------

Isophorone diisocyanate (IPDI), dimethylacetamide (DMAc), triethylamine (TEA), acetone, 3-(2-aminoethylamino)propyldimethoxymethylsilane (APTS), 2,2-dimethylolpropionic acid (DMPA), and dibutyltin dilaurate (DBTDL) were all purchased from Aladdin (Shanghai, China). Polycarbonate diols (PCDL, Mn = 2000) was purchased from Jining huakai resin (Jining, China). PCDL and DMPA were dried at 120 °C under vacuum for 2 h to remove any residual water before use. Other reagents were used directly without purification. Deionized water was prepared in the laboratory, and was used as the dispersing phase.

2.2. Experiments {#sec2dot2-molecules-24-01667}
----------------

### 2.2.1. Synthesis of APTS-Modified Waterborne Polyurethane Emulsion {#sec2dot2dot1-molecules-24-01667}

A 500-mL four-neck glass reactor with a mechanical stirrer, thermometer, condenser tube, nitrogen inlet, and outlet was used. IPDI and PCDL of certain amounts were added into the reactor, and the reaction was conducted in a water bath maintained at 80 °C for 1.5 h. Then, DMPA, DMAc, and DBTDL were added. After another 2 h of reaction at 80 °C, the --NCO terminated prepolymer was obtained. The prepolymer was cooled to 45 °C, and APTS was added to react with it for chain extension. After reacting for 1 h, TEA was added to neutralize the reaction mixture. Acetone was added during the reaction to reduce the viscosity. After 30 min, the neutralized reaction mixture was dispersed in distilled water under vigorous stirring for 1 h. The resulting product was APTS-modified WPU emulsion with a solid content of about 37%. Acetone was removed from the above dispersion under reduced pressure at 30 °C. The preparation process for WPU is illustrated in [Figure 1](#molecules-24-01667-f001){ref-type="fig"}, and the compositions of all the samples are given in [Table 1](#molecules-24-01667-t001){ref-type="table"}.

### 2.2.2. Preparation of WPU Films {#sec2dot2dot2-molecules-24-01667}

All the emulsions were smeared evenly on a polytetrafluoroethylene mold at room temperature for 3--4 days for moisture-induced curing. Then, the films were dried in a drying oven at 80 °C until two consecutive weighing errors were less than 0.01.

2.3. Characterization {#sec2dot3-molecules-24-01667}
---------------------

Fourier transform infrared (FT-IR) spectroscopy analysis: The FT-IR spectra of WPU was finished by a Nicolet 6700 Fourier transform infrared spectrometer (Thermo, Waltham, MA, USA) ranging from 4000 cm^−1^ to 600 cm^−1^.

The ^1^H-NMR (500 MHz) spectra: The ^1^H-NMR (500 MHz) spectra of WPU were recorded in deuterated dimethyl sulfoxide (DMSO) solution using a Bruker AVANCE 500 MHz fully digitized Fourier superconducting NMR spectrometer (Bruker, Bern, Switzerland).

The molecular weight analysis: The average molecular weights of the WPU chain were measured using Malvern Viscotek DPC-270 (Malvern, London, UK). These experiments were performed at 35 °C in chromatography grade chloroform using PLgel5 Mixed-C columns at a flow rate of 1 mL/min. Conventional calibrations were performed using polystyrene standards.

The average particle size analysis: The average particle size of WPU emulsion was measured with a Malvern Nano-ZS laser particle sizer (Malvern, London, UK).

Differential Scanning Calorimetry analysis: The thermal property of WPU was measured using a TA Instruments Q-20 (TA Instruments, New Castle, DE, USA) differential scanning calorimeter analyzer. First, 3\~8 mg WPU films were films hermetically sealed in an aluminum pan were heated up to 80 °C with a heating rate of 20 °C/min and kept for 3 min to keep a consistent thermal history for the melting process. Then, the samples were cooled to −80 °C at a cool rate of 20 °C/min. The non-isothermal measurement was scanned from −80 to 80 °C with a heating rate of 20 °C/min.

Scanning electron microscopy analysis: The surface morphology of the WPU samples was analyzed using scanning electron microscopy HitachiS-4700 (JEOL, Tokyo, Japan) at an accelerating voltage of 25 kV. Samples were adhered to aluminum sample holders and sputter coated with Au layers.

Atomic force microscopy analysis: Atomic force microscopy (AFM) measurements were performed on the instrument CSPM-2003 (Original nanometer instruments, Beijing, China) with a 5 µm × 5 mm scan area, and images were acquired under ambient conditions in tapping mode using a nanoprobe cantilever.

Thermogravimetric analysis: TA-Q5000IR (TA Instruments, New Castle, DE, USA) was used to monitor the thermal decomposition process of the WPU films. The temperature range was 100 to 700 °C in nitrogen atmosphere, and the heating rate was 10 °C/min.

Shore A Hardness Measurements: The Shore A hardness of WPU films were measured by LX-A Shore Rubber Hardness (Huayin Instrument, Zhengzhou, China), and the test method was GB 2411-80. Each hardness measurement was repeated five times.

Mechanical testing: At room temperature, the tensile properties of the WPU films was tested by using the AI-7000SGD Taiwan high iron tensile testing machine (High iron equipment testing company, Hangzhou, China) at a speed of 50 mm/min. The test was performed on five samples of each film to take an average for the report.

Static contact angle measurements: The static contact angles of deionized water on the surface of WPU films were measured by a sessile drop method with a Dataphysics OCA30 contact angle goniometer (Dataphysics, Berlin, Germany) at 25 °C. The results displayed were the average values of five specimens.

Water absorption measurements: The film was cut into small pieces with a size of 25 cm × 25 cm at room temperature; the initial weight W~1~ was taken before the small piece of sample was immersed in deionized water for 72 h. Then, when the sample was taken out of the deionized water, it was quickly dried to remove the surface moisture and weighed to obtain the W~2~. The water absorption of membrane was calculated using the following equation:$${{water}\ {absorption}}\left( \% \right) = \frac{W_{1} - W_{2}}{W_{1}} \times 100\%$$

3. Results {#sec3-molecules-24-01667}
==========

3.1. Characterization of WPU {#sec3dot1-molecules-24-01667}
----------------------------

As shown in [Figure 2](#molecules-24-01667-f002){ref-type="fig"}, there is no obvious difference between the FT-IR spectra of different WPU films. The peaks at 3371 cm^−1^ and 1737 cm^−1^ corresponding to the stretching vibration of the N--H bond and C=O bond, and the peak at 1528 cm^−1^ originated from the bending vibration of N--H bond, implied the formation of urethane groups. The absorption bands at 2862--2939 cm^−1^ are ascribed to the stretching vibration movement of the C--H bond from the CH~2~ and CH~3~ groups. The absorption band at 1225 cm^−1^ is ascribed to the C=O of the polycarbonate glycol. For WPU-1, WPU-2, and WPU-3, the absorption peaks for the stretching vibration of Si--O--Si and C--O--C were at 1043 cm^−1^ and 731 cm^−1^ \[[@B24-molecules-24-01667]\].

^1^H-NMR spectrum of WPU-0 ([Figure 3](#molecules-24-01667-f003){ref-type="fig"}a) illustrated the presence of the N--H proton from the urethane groups (6.98\~7.03 ppm). The observed peaks at 3.88 to 4.04 ppm and 0.83 to 0.95 ppm were assigned to the protons of the urethane --CH~2~-- group from DMPA and methyl protons from IPDI, respectively. The methylene protons of IPDI and methyl protons of DMPA were observed at 0.95\~1.11 ppm. The singlet at 3.50 ppm was assigned to the --CH~2~-- group from PCDL.

[Figure 3](#molecules-24-01667-f003){ref-type="fig"}b--d is the ^1^H-NMR spectrum of polyurethane with different content of APTS; the CH~2~ protons attached to the NH~2~ group of APTS and silicon atom are observed around at the 2.71 ppm and 0.76 ppm peaks, respectively. The signals of the Si--OH (at δ = 5.0) and methyl protons of Si--O--CH~3~ (at δ = 3.50) were absent, which indicated that hydrolysis and condensation reaction of Si--O--CH~3~ were completed. From the FT-IR and ^1^H-NMR results, we concluded that the polyurethane had incorporated with APTS successfully.

3.2. Molecular Weight of WPU Emulsion {#sec3dot2-molecules-24-01667}
-------------------------------------

[Table 2](#molecules-24-01667-t002){ref-type="table"} shows that the addition of increasing amounts of APTS (from 0 wt% for WPU-0 to 3 wt% for WPU-3) causes an increase in the molecular weight of WPU accordingly (from 2.59 × 10^4^ g/mol for WPU-0 to 5.13 × 10^4^ g/mol for WPU-3). We might infer that the chain length is controlled with the addition content of APTS. Since the role of APTS in the reaction is that of a chain extender \[[@B25-molecules-24-01667]\], the result in [Table 2](#molecules-24-01667-t002){ref-type="table"} thus demonstrated the successful attachment of APTS on the WPU system, which resulted in the rise of the molecular weight of WPU \[[@B26-molecules-24-01667]\].

3.3. Particle Size of WPU Emulsion {#sec3dot3-molecules-24-01667}
----------------------------------

[Figure 4](#molecules-24-01667-f004){ref-type="fig"} shows the average particle size of WPU emulsions modified by different amounts of APTS. As can be seen from the [Figure 4](#molecules-24-01667-f004){ref-type="fig"}, the average particle size of WPU was highly dependent on the APTS content. As the APTS content increased from 0 to 3.0 wt%, the average diameter of WPU emulsions gradually rose from 90 to 155 nm. During the investigation, other factors proved to have an effect on the particle size, such as the mole ratio of NCO/OH. The hydrophilic group, neutralization, and emulsification conditions \[[@B27-molecules-24-01667]\] were all excluded to make sure that the difference detected originated solely from the effect of the chain extender. In the synthesis process, the IPDI, PCDL, and DMPA were the same in each experiment, and the content of NCO/OH and the hydrophilic groups were guaranteed to be the same as well. The only variable in the experiment was the content of APTS. APTS is a chain extender; it can increase the molecular weight of PU polymers when it is attached to them \[[@B28-molecules-24-01667]\]. In addition, an increase in APTS content will insert more hydrophobic structure into the polymer chains \[[@B29-molecules-24-01667]\], and the formation of Si--O--Si linkages increases the branched structure \[[@B30-molecules-24-01667]\]. Therefore, the average particle size of WPU emulsions gradually increases with elevated APTS content.

3.4. Thermal Properties of the WPU Films {#sec3dot4-molecules-24-01667}
----------------------------------------

The glass transition temperatures of all the samples were measured by differential scanning calorimetry (DSC). As the amount of APTS added increased from 0 to 3wt%, the glass transition temperature of the soft segment increased from −36.47 to −34.34 °C ([Figure 5](#molecules-24-01667-f005){ref-type="fig"}), which was a result of the increased crosslinking degree \[[@B31-molecules-24-01667]\].

[Figure 6](#molecules-24-01667-f006){ref-type="fig"} shows the TG (relationship between mass change and temperature) curve of different WPU films; [Table 3](#molecules-24-01667-t003){ref-type="table"} shows the thermal decomposition temperatures of the first (T~max1~) and second (T~max2~) stages of different WPU films. The thermal decomposition process of the polyurethane film is divided into two stages, which are the thermal decomposition of the hard (carbamate group and the urea bond) and soft (polyester) segments, namely \[[@B32-molecules-24-01667]\]. At low temperature (around 250 °C), the mass loss was mainly due to the volatilization of organic solvents and water remaining in the polyurethane film \[[@B33-molecules-24-01667]\]. Carbamate decomposition occurred in the range of 250 to 360 °C, which was indicated by the rapid mass loss due to the formation of isocyanates, alcohols, and amines \[[@B34-molecules-24-01667]\]. While at higher temperature (above 390 °C), the fracture of the polyester and the crosslinked structure were the major causes of mass loss.

When the APTS content was increased from 0 to 3 wt%, the first degradation temperature was increased from 324 to 335 °C, and the second degradation temperature was increased from 395 to 415 °C. This enhancement in the thermal stability of the WPU film caused by upraised APTS content was rationalized to the higher bond energy of Si--O (460 kJ/mol) than C--C (326 kJ/mol), and the formation of the Si--O--Si crosslinked network, which increased the interaction between the molecular chains and prevented the evaporation of the segment \[[@B35-molecules-24-01667]\].

3.5. Mechanical Properties of the WPU Films {#sec3dot5-molecules-24-01667}
-------------------------------------------

As shown in [Figure 7](#molecules-24-01667-f007){ref-type="fig"}, the tensile strength of the WPU films decreased, and the elongation at the break increased with the increase in APTS content. The PCDL contained a large amount of carbonate bonds and ether bonds that could easily form hydrogen bonds with the hard segment of WPU films (carbamate groups). However, for the APTS-modified PCDL type of WPU, the formation of intermolecular hydrogen bonds was inhibited by the sterical hindrance originated from the large, low-polarity APTS segments attached on the side chain \[[@B36-molecules-24-01667]\]. The tensile strength of PCDL depends mainly on the intramolecular and intermolecular hydrogen bonding \[[@B37-molecules-24-01667]\]. Thus, it causes a negative correlation between the amount of APTS and the tensile strength of the WPU film.

WPU is a block copolymer that is composed of alternated hard segments and soft segments in its molecular chains \[[@B38-molecules-24-01667]\]. As mentioned before, the Si--O--Si crosslinked network structure formed by the addition of APTS belongs to the soft segment \[[@B39-molecules-24-01667],[@B40-molecules-24-01667]\]. Therefore, when the APTS content was increased, the percentage composition of the crosslinking structure and thus the soft segments in the WPU films will be increased, and hence 'soften' the WPU films \[[@B41-molecules-24-01667]\]. [Table 2](#molecules-24-01667-t002){ref-type="table"} shows that when the APTS content increased from 0 to 3 wt%, the shore hardness decreased from 1.60 to 1.38 N, indicating that the hardness of the waterborne polyurethane film decreased and became softer. Therefore, when the APTS content increased from 0 to 3 wt%, the breaking elongation increased from 532% to 712%. The tensile strength and elongation at break of the WPU film modified by Zhao et al. with bis-amino-containing siloxane were 6.26 MPa \[[@B17-molecules-24-01667]\]. In our study, the tensile strength and elongation at break were 9 MPa; the mechanical properties are significantly higher than those of Zhao et al. ([Table S3](#app1-molecules-24-01667){ref-type="app"}).

3.6. Surface Property and Water Absorption of WPU Films {#sec3dot6-molecules-24-01667}
-------------------------------------------------------

The hydrophobicity of the different content of APTS-modified WPU films was investigated by measuring their static contact angles ([Figure 8](#molecules-24-01667-f008){ref-type="fig"}). It was found that with the increase of APTS content from 0 to 3 wt%, the contact angle of the water on the WPU film increased from 64° to 86°. This is primarily caused by the Si--O--Si network structure \[[@B42-molecules-24-01667],[@B43-molecules-24-01667]\]. During the film formation and crosslinking process, the presence of siloxane with low polarity can provide a thermodynamic driving force for its surface migration, decrease the surface energy, and make the surface hydrophobic \[[@B44-molecules-24-01667]\], which leads to the observation shown in [Figure 8](#molecules-24-01667-f008){ref-type="fig"}. In the studies by Zhao et al. \[[@B17-molecules-24-01667]\] and Lei et al. \[[@B29-molecules-24-01667]\], the maximum water contact angle reached respectively 79.25° and 77.6°. In our study, the amount of APTS added was small, and the hydrophobicity of the modified WPU film was relatively good ([Tables S2 and S3](#app1-molecules-24-01667){ref-type="app"}).

The addition of APTS into the PU systems can improve the water resistance of WPU films, since WPU films with higher APTS content have lower water absorption capacity ([Figure 8](#molecules-24-01667-f008){ref-type="fig"}). The surface properties and water absorption capacities of the WPU films examined here in this study were significantly higher than those reported by Lei et al. \[[@B29-molecules-24-01667]\]. Apart from the presence of hydrophobic Si--O--Si groups in the crosslinked structure described before, the tendency of highly crosslinked Si--O--Si structures to migrate toward the membrane surface and thus reduce water infiltration was also responsible for the decrease in the water absorption capacity of the films with high APTS content \[[@B45-molecules-24-01667]\].

4. Conclusions {#sec4-molecules-24-01667}
==============

In this work, siloxane-modified WPU emulsion was synthesized by introducing APTS into WPU by in situ polymerization. FT-IR and ^1^H-NMR spectra indicated that APTS has been introduced into polyurethane successfully, and hydrolyzed condensation reaction was completed. The Si--O--Si crosslinking structure was strengthened, and the crosslinking density of WPU increased with a small amount of APTS introduced, which greatly improved the properties of WPU, especially its hydrophobic property and water resistance. As the APTS content increased from 0 to 3 wt%, the average particle size of WPU emulsion increased from 90 to 155 nm, the water contact angle increased from 64° to 86°, and the water absorption reduced from 5.40% to 3.90%. The TG and tensile experiment indicated that the Si--O--Si crosslinking structure can improve the thermodynamic properties and increase the flexibility of the film. Hence, the WPU coating with crosslinked siloxane by in situ polymerization would have a good application prospect in waterproof coating.
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molecules-24-01667-t001_Table 1

###### 

Molar ratio of raw materials for the synthesis of WPU. IPDI: isophorone diisocyanate, PCDL: polycarbonate diols, DMPA: 2,2-dimethylolpropionic acid, TEA: triethylamine (TEA), APTS: 3-(2-aminoethylamino)propyldimethoxymethylsilane.

          IPDI (mol)   PCDL (mol)   DMPA (mol)   TEA (mol)   APTS (mol)   APTS (wt%)
  ------- ------------ ------------ ------------ ----------- ------------ ------------
  WPU-0   0.0605       0.0235       0.0265       0.0265      0            0
  WPU-1   0.0605       0.0235       0.0265       0.0265      0.0005       1
  WPU-2   0.0605       0.0235       0.0265       0.0265      0.001        2
  WPU-3   0.0605       0.0235       0.0265       0.0265      0.015        3

molecules-24-01667-t002_Table 2

###### 

Molecular weight of WPU samples prepared using different amount of APTS.

  Sample       WPU-0          WPU-1          WPU-2          WPU-3
  ------------ -------------- -------------- -------------- --------------
  Mn (g/mol)   2.59 × 10^4^   4.32 × 10^4^   4.68 × 10^4^   5.13 × 10^4^

molecules-24-01667-t003_Table 3

###### 

Properties of WPU emulsions and films.

                       WPU-0     WPU-1   WPU-2   WPU-3   
  -------------------- --------- ------- ------- ------- -----
  TG (℃)               T~max1~   324     330     331     335
  T~max2~              395       405     410     415     
  Shore Hardness (N)   1.60      1.56    1.45    1.38    

[^1]: These authors contributed equally to this work.
